The effects of elevated potassium ion ( K + ) concentration on radioactive calcium ( 46 Ca) movements and distribution were investigated in media-intimal strips prepared from rabbit aortic smooth muscle. 4B Ca uptake was measured in either normal (1.5 rriM Ca 2 + ) or low-Ca (0.1 mM Ca 2 + ) solutions. In low-Ca solutions, elevating the K + concentration either by substituting equimolar (165.4 IHM) K + for sodium ( N a + ) (substituted-K solution) or by increasing K + concentration to 80 mM (added-K solution) increased the 45 Ca uptake. Exposure of the muscle strips to high K + concentrations during washout of 46 Ca decreased the 4B Ca efflux into either zero-Ca or low-Ca bathing solutions. Moreover, increased K + concentration elicited its effects in the presence or the absence of Na + . The decrease in 4B Ca efflux induced by substituted-K solution was also obtained in the presence of ethylenediaminetetraacetic acid (EDTA), but prior incubation of muscles with 1.5 mM strontium (Sr 2+ ) plus 4B Ca prevented this decrease in 45 Ca efflux. It would appear that the 46 Ca affected by high K + concentrations is at Sr-sensitive sites which are inaccessible to EDTA. If 48 Ca at these sites contributes directly to 40 Ca efflux, a shift of some of this 4B Ca to less superficial cellular sites might be responsible for the decreased efflux of 46 Ca observed in the presence of increased K + concentration.
• Many investigators have studied the roles of calcium ions (Ca 2 + ) in vascular muscle contraction (1) and the interactions of stimulatory agents and ions influencing contractile responses (2) (3) (4) (5) (6) (7) (8) . Hudgins and Weiss (9) have demonstrated that 4B Ca taken up by aortic smooth muscle behaves as if it were both self-exchangeable and not readily depleted. The manner in which stimulatory agents and potassium ions (K + ) use cellular Ca 2 + to elicit contractile responses has been investigated in the aorta of the rabbit (4), the ventral From the Department of Pharmacology, University of Texas Southwestern Medical School, Dallas, Texas 75235.
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Received April 10, 1972 . Accepted for publication September 11, 1972. artery of the rat tail (10) , and the uterus of the rat (11) . The differences observed in these preparations may be based on variations in actions on Ca 2+ sites or stores (12) . Recent evidence (13, 14) indicates that Ca 2+ retention may occur in specific cellular structures, which could have a role in regulating the internal cycling of Ca 2+ in vascular smooth muscle. The purpose of the present study was to determine whether high K + concentration can specifically affect cellular 4B Ca sites or stores in vascular smooth muscle. Use of high-K solutions with and without sodium ( N a + ) can also resolve whether Na + contributes to the effects elicited by elevated K + concentrations.
Methods
Experiments were performed on vascular smooth muscle isolated from the aortas of New
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Zealand white rabbits (1.5-2 kg) of either sex. Rabbits were killed by injecting an air embolism into their ear veins; the aortic strips were cleaned and prepared as described by Furchgott (15) . The adventitial layer was separated from the media-intimal layer of the aorta (16) , and the more homogeneous media-intimal layer was used for all experiments. Following dissection, the aorta Was divided into the desired number of sections, and each section was equilibrated in normal solution for a minimum of 1 hour prior to initiation of experimental procedures. Muscles were tied at both ends and attached to stainless steel rods under approximately 2 g of tension. The bathing solution (normal solution) used in these experiments had the following millimolar composition: NaCl 142, KC1 5.4, NaHCO., 18, dextrose 11, and CaCl 2 1.5. Other solutions used included calcium-free (zero-Ca) and 0.1 niM CaCl 2 (low-Ca) solutions; they were identical to the normal solution except that the CaCl 2 was either omitted or reduced. A substituted-K solution in which all of the Na + was replaced with K + and an added-K solution in which KC1 was added to normal solution to give a final K + concentration of 80 mM were also used. Solutions were prepared in distilled, demineralized water and aerated with a mixture of 95% O 2 -5S CO 2 (pH 7. 10-7.20) . All experiments were performed at 34.0 ± 0.5°C.
Cellular tissue spaces were measured in the same manner as that reported previously for ileal (17) , uterine (18) , and vascular (5) smooth muscle. After an equilibration period of 1 hour, muscles were transferred to an appropriate preincubation solution for 10 minutes prior to placement in beakers containing a similar solution with added 4B Ca (0.4 /ic/ml). After the desired time interval, the tissue was removed from the radioactive solution, blotted with Whatman no. 5 filter paper, dipped rapidly into four sequential tubes containing nonradioactive solution similar to the incubation medium, blotted again, and weighed on a Federal-Pacific torsion balance. Muscles were then placed in fused quartz crucibles and ashed at 500°C for approximately 16 hours (overnight). The residue was dissolved in 4 ml of 0.1N HC1, and samples from this solution were dried in planchets and counted in a low-background Nuclear-Chicago proportional gas flow counter with an ultrathin window. The uptake of 4B Ca is expressed in milliliters per gram of tissue; this unit was obtained by dividing the amount of 4B Ca taken up per gram wet weight of tissue by the concentration of 40 Ca per milliliter of incubation solution. The values for 45 Ca space were converted to uptake units (/xmoles/g muscle) by multiplying them by the total concentration of Ca 2+ in the radioactive incubation solution. The total Ca 2+ concentration was CircuUtum Reiurcb, Vol. XXXI, Nottmbtr 1972 calculated by determining the trace amounts of Ca 2+ in other solution constituents as well as the amount of 45 Ca plus carrier Ca 2+ that was added to the solution. These concentrations were a maximum of 1.51 DIM (1.505-1.510) in the normal solution, 0.11 mM (0.105-0.110) in the low-Ca solution, and 0.01 mM (0.005-0.010) in the zero-Ca solution.
In efflux studies, muscles were treated in the same manner as they were in uptake studies except that they were tied with single-strand 000 nylon thread and placed in radioactive incubation solutions for 2 hours. After blotting and dipping, the muscles were then transferred to tubes containing 2 ml of the appropriate aerated nonradioactive bathing solution. The bathing solution was collected in a planchet and replaced at 1-minute intervals for the duration of the washout. Each 2-ml sample was evaporated to dryness before being counted. On completion of the washout, each muscle was blotted gently and then weighed and ashed as in the uptake experiments. Washout data were used to plot desaturation curves (19, 20) which illustrate the decline of tissue 45 Ca concentration with time. Rate constants were obtained from the desaturation-curve 4B Ca slow-component half-time (tvi) values (tvi^-0.693).
Results
In earlier studies, the uptake of 4B Ca by vascular smooth muscle (5, 9) and by other smooth muscle preparations (17, 18) greatly increased when the tissues were incubated with 46 Ca in Ca-deficient (0.011 mM) solutions. Under these conditions, cellular Ca 2 + was depleted, and the resultant binding of 4S Ca at tissue sites was gTeatly magnified. To observe 48 Ca movements in tissues which were less severely depleted of Ca 2 + , experiments were performed with vascular smooth muscle incubated in solutions containing low Ca 2 + concentrations (0.1 HIM). Thus, muscles were incubated with 40 Ca for times ranging from 30 to 120 minutes in either normal solution (for comparative purposes) or low-Ca solution. The results of this experiment are summarized in Table 1 : clearly, equilibration occurred within 30 minutes in either incubation solution, and decreasing the Ca 2+ concentration of the bathing medium to 0.1 mM magnified the uptake of tissue 4B Ca. Although the 45 Ca spaces were increased by lowering the extracellular Ca 2+ concentration, this increase was 6 7 4 Each value represents the average ± SE for four muscles. Values for all time intervals at each Ca*" 1 " concentration were derived from wets of four muscles with each set obtained from a single rabbit. a relative increase for radioactive Ca 2+ only. The total uptake of Ca 2+ in the Ca-deficient solution was actually decreased compared with that occurring in normal solution.
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The effects on 45 Ca uptake of either addition of K + or substitution of K + for Na + were also ascertained. Muscles were incubated with 4n Ca for times ranging from 30 to 120 minutes in normal solutions containing added or substituted K + and in low-Ca solutions containing added or substituted K + . The values of 45 Ca spaces for muscles incubated in the low-Ca solutions containing a high K + concentration ( Table 2) were significantly higher (P < 0.05) than the corresponding values in low-Ca solution (Table 1) , whereas muscles incubated in normal solution (Table  1 ) had 4B Ca spaces which did not differ from those for muscles in normal solutions containing added or substituted K + ( Table 2) .
To determine whether these effects were due to the presence of a high K + concentration or to the simultaneous removal of Na + , efflux experiments were performed on muscles incubated for 2 hours in low-Ca solution containing 40 Ca. These muscles were washed out in nonradioactive zero-Ca or low-Ca solutions for the first 20 minutes of the 30minute washout, and either added-K ( Fig. 1 ) or substituted-K ( Fig. 2 ) solutions were used for the remainder of the washout. The desaturation curves showed a qualitatively similar decrease in 46 Ca efflux when the muscles were exposed to either added-K or substituted-K solutions. Expressing the slow component of 4B Ca washout in terms of halftimes (tvi) of washout showed that added-K increased tj* from 10.5 minutes to 16.3 minutes in low-Ca solution and from 38.5 minutes to 46.1 minutes in zero-Ca solution. In substituted-K solution, the t^, was increased from 16.4 minutes to 21.5 minutes in low-Ca solution and from 46.0 minutes to 56.1 minutes in zero-Ca solution. The calculated values from the desaturation curves (Table 3 ) also showed that, although the initial washout solutions differed in their Ca 2+ concentration, the percents of total 4B Ca in the fast and slow components were quantitatively similar. Thus, changes in the Ca 2+ concentration of the bathing medium during washout did not appear to alter the relative distribution of 48 Ca between the slow and the fast components of washout.
To obtain further information about the effects of K + on Ca 2+ efflux, ethylenediarninetetraacetic acid (EDTA) was added during 
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Each value represents the average for eight muscles (mean ± SE) or the difference of the means ± SE. The 30-120minute (equilibrated) values are grouped together. Preincubation time in solutions containing high K + concentrations was 10 minutes. P values were calculated for the average of the differences between paired muscles treated with added-K solution and substituted-K solution. the washout. Previous studies have shown that the addition of EDTA to the bathing solution during the washout of aortic strips results in a maintained increase in 45 Ca efflux by preventing cellular rebinding or reuptake of 45 Ca (5) . Therefore, pairs of muscles were incubated for 2 hours in low-Ca solution containing 4B Ca. Then, one muscle of each pair was rinsed with zero-Ca solution for the first 16 minutes of the 32-minute washout and with zero-Ca solution containing 0.05 mM EDTA for the remaining 16 minutes. The other muscle was washed out in a similar manner except that during the final 8 minutes it was washed out with a zero-Ca substituted-K solution containing 0.05 mM EDTA (Fig. 3 ). Muscles exposed to the substituted-K solution after the addition of EDTA showed a decrease in 4B Ca efflux. This decrease is indicated in the lower curve in Table 4 . Hudgins and Weiss (9) have shown that strontium (Sr 2+ ) can displace Ca 2+ at cellular binding sites in aortic strips. Furthermore, Sr 2+ is not as readily released from cellular or membrane sites as is Ca 2 + (21) . Therefore, to ascertain whether K + was acting to decrease 46 Ca efflux by releasing 45 Ca from sites at which Sr 2+ can replace Ca 2 + (thus making it unavailable for efflux), washout experiments were performed on muscles after prior exposure to 48 Ca in the presence of 1.5 mM Sr 2 + . Muscles were incubated with added 48 Ca and Sr 2+ for 2 hours in either low-Ca solution or zero-Ca solution. Then, they were washed out in low-Ca solution during the first 16 minutes 20 25 30
Effect of substituted-K solution on * s Ca efflux from vascular smooth muscle into either zero-Ca or low-Ca solutions. Muscles were incubated for 2 hours prior to washout in a low-Ca solution plus * l Ca. Each desaturation curve represents the averaged values for four or five experimental washouts. The dashed lines indicate extrapolation of the slow component of the washout curve to the end of the washout (30 minutes).
of the 26-minute washout and rinsed with low-Ca substituted-K solution for the final 10 minutes of the washout. The desaturation curves are illustrated in Figure 4 ; they indicate that prior exposure to Sr 2+ prevented the decreased 45 Ca efflux rate which was elicited by exposure to high concentrations of K + during the washout. It should be noted that the calculated 48 Ca space in zero-Ca solution plus 1.5 mM Sr 2+ in these experiments was 4.34 ±0.45 ml/g and the corresponding space in low-Ca solution plus 1.5 mM Sr 2 " 1 " was 3.02 ±0.29 ml/g. These values contrast with values for equivalent Sr-free situations: 45 Ca spaces were more than sixfold (9; also from similar determinations during this study) and threefold (Table 1 ) greater in magnitude, respectively, in Sr-free solutions. 
Effects of Different
Discussion
Previous studies have demonstrated that the utilization of 4B Ca by ileal (17) , uterine (18) , and vascular (9) smooth muscle depends on the manner in which Ca 2+ is taken up and sequestered in each type of smooth muscle preparation. Hudgins and Weiss (9) found that 4B Ca uptake in vascular smooth muscle increases twentyfold when the tissues are depleted of Ca 2+ in a zero-Ca solution. The 45 Ca taken up appears as part of a tightly bound self-exchangeable fraction. In the present study, the extracellular concentration of nonradioactive Ca 2+ was decreased from 1.5 mM to 0.1 mM. This procedure resulted in a larger 46 Ca uptake and binding (Table 1) , but the tissues were less severely depleted of Ca 2+ than were those incubated in zero-Ca solutions.
It has been shown that the rate of 45 Ca washout in vascular smooth muscle depends on both the Ca 2+ concentration of the washout medium (9) and the rapidity of the samplecollection periods (5) . The washout rate of 4B Ca from vascular smooth muscle in a medium containing 1.5 mM Ca 2+ results in a fairly rapid and complete exchange of labeled Desaturation curves from which these values were derived are given in Figures 1-3 . Each value represents the average * BE of values from a minimum of four experiments. P values were calculated for the average of the differences between paired muscles.
•EDTA, 0.05 mM, was also added. Therefore, in these experiments, both a low-Ca solution and a 1-minute collection period were used to maximize detection of alterations in loss of "Ca.
Raising the K + concentration in the bathing solution induces contractile responses in smooth muscle (5, 12, 17, 18, 22) and appears to increase net entry of 45 Ca (3, 23) . Krejci and Daniel (24) have reported that contraction impedes both efflux and uptake of 46 Ca in uterine smooth muscle. On this basis, they concluded that changes in 45 Ca movements result from decreased diffusion of ions into the uterine extracellular compartment as a conse-quence of contraction-induced alterations in tissue geometry. Values for 45 Ca spaces obtained with added-or substituted-K solutions containing 1.5 mM Ca 2+ did not differ from those for control 46 Ca spaces. Other studies have indicated that exposure to high K + concentrations results in an increased 4B Ca uptake. These studies were performed either under very different experimental conditions (3) or with a different smooth muscle preparation (23) . An additional complicating factor in our own experiments in 1.5 mM Ca 2 + solutions was the possibility of a reduction in 45 Ca movements due to a decreased rate of extracellular diffusion in contracted muscle (24) . Thus, since only very small contractile responses were observed with high K + concentrations in 0.1 mM Ca 2+ solutions, the experiments in low-Ca solutions might be more appropriate.
In aortic smooth muscle, the 45 Ca spaces measured in lovv-Ca solution (0.1 HIM Ca 2+ ) in the presence of added or substituted K + ( Table 2 ) were significantly larger than were those measured in low-Ca solution containing a normal K + concentration. In substituted-K solutions, the increase in 4r 'Ca space was significantly greater than that in added-K solutions. The basis for this difference is not clear, but it could possibly result from inhibition of a Na-dependent Ca 2+ transport system, which might account for a fraction of the 46 Ca uptake observed.
To examine the effects of high K + concentrations on 45 Ca efflux in the presence or the absence of Na + , vascular smooth muscles were exposed to increased K + concentrations (as either added-or substituted-K solution) during later portions of the washout. A decreased loss of 4B Ca from vascular smooth muscle was observed in the presence of an increased K + concentration (as either added-or substituted-K solution). Since this decrease in loss of 45 Ca was observed both in the presence and the absence of Na + , the increased K + concentration was probably responsible for the decreased 4B Ca loss.
Further information concerning the effect of increased K + concentration on cellular Ca 2 + was obtained by adding EDTA to the washout solutions. The action of EDTA is known to be extracellular (19) . Exposure of vascular smooth muscle to EDTA results in a sustained increase in 4B Ca efflux (5, 9) ; this increase has been attributed to the prevention of reuptake or rebinding of 45 Ca caused by EDTA. The observation that addition of substituted-K solution decreased loss of 45 Ca in the presence of EDTA indicates that K + acts on cellular 4B Ca that is inaccessible to EDTA. Thus, increased K + concentration might cause an inward shift of Ca 2+ from a cellular site or store, which is qualitatively similar to the shift observed with high K + concentrations in the absence of EDTA. The resultant decrease in * 5 Ca remaining at these sites or stores would be reflected in a decreased loss of 45 proportional loss of 45 Ca from these specific cellular compartments.
Further support for the idea that an inward shift takes place was obtained by incubating the tissues with Sr 2+ prior to washout. Many investigators have reported that Sr 2 * can substitute for some functional roles of Ca 2+ in smooth muscle (10, 23, (25) (26) (27) . More specifically, Sr 2+ can substitute for or displace Ca 2+ at cellular binding sites (9) , but it is not as readily released as is Ca 2+ (21) . After a prior exposure to Sr 2 + , the decrease in 45 Ca efflux induced by high K + concentrations was prevented. Sr 2+ might displace or replace 45 Ca at some of the EDTA-inaccessible sites in vascular smooth muscle. In this situation, a decrease in 4B Ca loss in the presence of high K + concentrations would not be observed because a K-induced shift of 4B Ca from less superficial sites could not take place. Thus, changes in the amount of 45 Ca at cellular sites or stores which contribute to 45 Ca efflux would not be detected in the presence of Sr 2 + . This experiment indicates that high K + concentrations might cause polarization changes which alter Ca 2+ retention at specific cellular sites or stores and, in this manner, might provide a direct source of Ca 2+ for activation of the contractile mechanism. Previous investigations (4, 10, 11) indicated that the degree of dependence on extracellular Ca 2+ was less for the action of stimulatory agents than it was for K + . However, it now appears that K + as well as other stimulatory agents is able to induce shifts in cellular Ca 2 + .
Recently, electron microscopic techniques have demonstrated the presence of various subcellular structures including sarcoplasmic reticulum in a variety of smooth muscle preparations (13, 14, 28) including rabbit aortic smooth muscle (14) . It is possible that this type of structure might have functional significance as a depot for cellular Ca 2+ and, in this manner, play a role in the regulation of Ca 2+ movements in aortic smooth muscle. Since accumulation of Sr 2+ has also been demonstrated in sarcoplasmic reticulum in vascular smooth muscle (13) , the 4S Ca shifts observed in the presence of elevated K + concentrations might reflect a movement of 40 Ca from the sarcoplasmic reticulum to the intracellular sites of direct importance for the contractile response.
